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Microtubule (MT) plus-end tracking proteins (+TIPs)
preferentially localize to MT plus ends. End-binding
proteins (EBs) aremaster regulators of the +TIP com-
plex; however, it is unknown whether EBs are regu-
lated by other +TIPs. Here, we show that cytoplasmic
linker-associated proteins (CLASPs) modulate EB
localization at MTs. In CLASP-depleted cells, EBs
localized along the MT lattice in addition to plus
ends. The MT-binding region of CLASP was suffi-
cient for restoring normal EB localization, whereas
neither EB-CLASP interactions nor EB tail-binding
proteins are involved. In vitro assays revealed that
CLASP directly functions to remove EB from MTs.
Importantly, this effect occurs specifically during
MT polymerization, but not at preformed MTs.
Increased GTP-tubulin content within MTs in
CLASP-depleted cells suggests that CLASPs facili-
tate GTP hydrolysis to reduce EB lattice binding.
Together, these findings suggest that CLASPs influ-
ence the MT lattice itself to regulate EB and deter-
mine exclusive plus-end localization of EBs in cells.INTRODUCTION
Microtubules (MTs) are inherently polar structures polymerized
from GTP-tubulin heterodimers, which incorporate at the
growing MT plus end. Plus-end tracking proteins (+TIPs) are a
diverse group of conserved MT-associated proteins (MAPs)
that specifically localize to the dynamic tips of MTs (Schuyler
and Pellman, 2001). +TIPs are ideally positioned to regulate
MT dynamics and many important MT-based processes. Of
the +TIPs, end-binding proteins (EBs) are notable in their ability
to autonomously recognize a transient feature at plus ends
with great specificity (Bieling et al., 2007). In mammalian cells,
there are three EB family members: EB1, EB2, and EB3. EB1
and EB3 are well studied and are similar in their structure, local-
ization, and behavior, whereas EB2 is more divergent (Buey
et al., 2011; Komarova et al., 2009). Recent work has revealedDevelopthat EBs localize to MT tips by sensing the nucleotide-state, as
well as the specific conformation, of tubulin at MT plus ends
(Maurer et al., 2011, 2012; Zanic et al., 2009). The majority of
+TIPs require binding to the EB tail region, via various localization
signals (SxIP, Honnappa et al., 2009; or CAP-Gly, Weisbrich
et al., 2007), to achieve their specific comet-like localization
(Akhmanova and Steinmetz, 2008); for this reason, EBs are
considered the master regulators of the MT +TIP network.
Within this network, CLASPs are a unique class of +TIPs that
exhibit two specific MT localizations. CLASPs support MT
growth by binding plus ends and promoting rescues (Akhma-
nova et al., 2001; Mimori-Kiyosue et al., 2005). CLASPs also sta-
bilize MT subsets by binding along the MT lattice, for example
pioneer MTs at the leading edge (Wittmann and Waterman-
Storer, 2005) and Golgi-derived MTs (Efimov et al., 2007; Miller
et al., 2009). Inmammalian cells, there are two redundant CLASP
family members, CLASP1 and CLASP2, which rely on EB inter-
actions (via the basic/SxIP region) to localize to MT tips (Mim-
ori-Kiyosue et al., 2005). In fission yeast, although CLASP asso-
ciates with EB1, its stabilizing effect on MTs is independent of
other +TIPs suggesting that CLASP directly regulates MTs (Brat-
man and Chang, 2007). Of note, CLASPs also independently
bind tubulin heterodimers and associate with the MT lattice
through their TOG (tumor-overexpressed gene) domains (Al-
Bassam et al., 2007, 2010). Here, we report evidence that
CLASPs are crucial determinants of proper EB localization at
MTs in cells.
RESULTS
EB Proteins Localize to the MT Lattice in CLASP-
Depleted Cells
Although it is well established that EBs are the master regulators
of the MT +TIP network, it is unknown whether other +TIPs regu-
late EB localization atMTs. Strikingly, we found that, upon deple-
tion of CLASP1 and CLASP2 (herein referred to as CLASPs),
endogenous EB1 (Figures S1A and S1B available online), and
EB3 (Figures 1A and 1B) both bind along the MT lattice in addi-
tion to their tip localizations. This dramatic change is quantified
by line scan analysis of EB fluorescence intensity alongMTs (Fig-
ure 1H). CLASP-dependent EB redistribution was observed in
multiple cell types and is therefore not cell type specific: A7r5
(Figures 1A, 1B, S1A, and S1B), RPE1 (Figures 2A and 2B),mental Cell 30, 343–352, August 11, 2014 ª2014 Elsevier Inc. 343
Figure 1. Localization of EB Proteins at Microtubules Is Altered in CLASP-Depleted Cells
(A–D) Immunofluorescence images of A7r5 cells stained for a-tubulin (red) and EB3 (green). (A) EB3 localizes to MT plus ends in NT control cells. (B) EB3 coats the
MT lattice, in addition to its plus-end localization, in CLASP-depleted cells. (C) EB3 does not significantly localize to the lattice in Nocodazole-treated cells. (D) EB3
localizes to MT plus ends in GFP-stathmin expressing cells. Boxed corners indicate zoom region. White box represents scale bar.
(E) Western blot of CLASP1 and CLASP2 depletion by two different siRNA combinations. Actin as loading control.
(F) Western blot showing no change in EB1 and CLIP-170 protein levels upon CLASP-depletion. Actin as loading control.
(G) Western blot showing no change in EB1 protein levels upon GFP-stathmin expression compared to GFP-control. Actin as loading control.
(H) Line scans showing distribution of EB3 atMTs in NT control (black), CLASP-depletion (green), or GFP-stathmin (blue). Based on data similar to (A), (B), and (D).
Line scan and L:T ratio values are normalized mean intensities ± SEM (n = 50, two independent experiments).
(I) +TIP levels by western blot analysis in NT control and CLASP-depletion. Graph is normalized mean ±SEM in three independent experiments.
(J) EB1 levels bywestern blot analysis in NT control, CLASP-depletion, Nocodazole treatment, andGFP-control or GFP-stathmin expression. Graph is normalized
mean ± SEM in three independent experiments.
(K) Line scans showing distribution of EB1 at MTs in NT control (black), CLASP-depletion (green), EB1 partial depletion (gray), or EB1/CLASP double depletion
(light green). Line scan and L:T ratio values are normalized mean intensities ± SEM (n = 50, two independent experiments).
(legend continued on next page)
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in this study. Interestingly, depletion of CLASP1 or CLASP2
individually (Figure S1J) resulted in partial redistribution of EB1
and EB3 (herein referred to as EBs) along the MT lattice (Figures
S1D–S1I); a combination of siRNAs against both CLASPs
was used for all subsequent CLASP-depletion experiments
(Figure 1E).
Because overexpression of EBs results in lattice decoration, it
is in principle possible that an increased EB-to-MT ratio causes
the enhanced EB lattice binding observed. Endogenous levels of
EB1 protein did not increase upon CLASP-depletion (Figures 1F
and 1I), but MT number decreased because CLASP-depletion
alters MT dynamics (Akhmanova et al., 2001; Mimori-Kiyosue
et al., 2005). However, in cells briefly treated with nocodazole
to decrease MT number (Figures 1C and 1N), no significant
EB3 lattice relocalization was observed (Figure 1C). Also, cells
expressing GFP-stathmin, which sequesters free tubulin dimers
and decreases MT number (Figures 1D and 1N), did not show
significant EB3 lattice binding (Figures 1D and 1H). Total MT
length did not significantly differ between CLASP-depleted, no-
codazole-treated, and GFP-stathmin-expressing cells (Fig-
ure 1N). Moreover, the number of EB3 plus ends upon CLASP
depletion andGFP-stathmin expression did not statistically differ
(Figure S2L). Importantly, in both nocodazole treatment and
GFP-stathmin expression, EB1 protein levels did not differ
from NT control (Figures 1G, 1J, and S1K).
To further confirm that EB lattice binding in CLASP-depleted
cells is not an artifact of an increased EB-to-MT ratio, we per-
formed a partial depletion of EB1, either alone or in addition to
CLASP depletion (Figures 1M and S1M). For single depletion
of CLASPs, the lattice-to-tip ratio (L:T) was 0.48 ± 0.03 (Fig-
ure 1K); similarly, upon double depletion of EB1 and CLASPs,
this ratio was 0.41 ± 0.03 (Figure 1L). This difference was not
statistically significant indicating that, regardless of the amount
of EB protein, CLASP depletion has the same effect on EBs.
Thus, altered EB localization in cells lacking CLASPs is not a
result of an increased EB-to-MT ratio.
+TIP Proteins Relocalize with EBs in CLASP-Depleted
Cells
We next sought to determine whether CLASP influenced the
localization of other +TIP families at MTs, or if CLASP regulation
of EBwas specific.We screenedCLASP-depleted cells for local-
ization of representative proteins from the major +TIP families:
CAP-Gly, SxIP, and EB-independent. The CAP-Gly proteins,
CLIP-170 and p150Glued, relocalized to the MT lattice upon
CLASP depletion and were indistinguishable from lattice-bound
EBs (Figures 2, S3A, and S3B). Endogenous levels of CLIP-170
protein did not increase upon CLASP depletion (Figures 1F
and 1I). The SxIP proteins, GFP-SLAIN2 (Figures S3C and
S3D) and the minimal EB-binding domain of dystonin (GFP-
Dst-EBBD; Figures S3E and S3F) relocalized to the lattice(L) EB1 L:T ratio in CLASP-depletion and EB1/CLASP double depletion based on (
two independent experiments).
(M) EB1 levels by western blot analysis in NT control, EB1 partial depletion, an
independent experiments.
(N) Average total MT length in NT control, CLASP-depletion, Nocodazole treatm
See also Figures S1 and S2.
Developupon CLASP depletion in a similar manner. An exception was
another SxIP protein, APC, which did not change localization
upon CLASP depletion (Figures S3G and S3H), possibly due to
its regulation by a large number of factors (Kita et al., 2006). Simi-
larly, chTOG did not relocalize to the MT lattice (Figures S3I and
S3J); this is likely explained by the capacity of chTOG to trackMT
tips independently of EBs (Brouhard et al., 2008).
To examine whether CLASPs directly regulate CAP-Gly pro-
tein localization at MTs, or if these proteins simply follow EBs
to the lattice, we took advantage of a previously described
approach. It has been shown that a C-terminal GFP tag on EB
occludes binding of CLIP-170 to the EEY/F tail of EBs; therefore,
expression of EB3-GFP in cells displaces CLIP-170 fromMTplus
ends (Lomakin et al., 2009; Skube et al., 2010). We observed that
EB3-GFP, similar to endogenous protein, relocalizes to the MT
lattice in CLASP-depleted cells (Figures 2F and 2K). Interest-
ingly, upon CLASP-depletion in cells expressing EB3-GFP,
CLIP-170 did not relocalize to the MT lattice (Figures 2D, 2F,
and 2K). We further designed an Emerald-EB3 construct, which
interacts normally with CLIP-170 and allows for correct CLIP-
170 plus-end localization (Figure 2G). In CLASP-depleted cells,
both Emerald-EB3 and CLIP-170 significantly relocalize to MT
lattices (Figures 2H and 2L). These experiments reveal that
CLIP-170 interaction with the C terminus of EBs underlies its lat-
tice binding in CLASP-depleted cells. Together with relocaliza-
tion of GFP-Dst-EBBD, which cannot be recruited by factors
other than EBs (Honnappa et al., 2009), these data suggest
that both CAP-Gly and SxIP proteins likely follow EBs to the lat-
tice rather than being independently regulated by CLASPs.
TOG2 Region of CLASP, but Not EB Binding, Is Required
to Restore Normal EB Plus-End Localization
To determine which CLASP domains are instrumental for the
mechanism of CLASP-dependent EB regulation, we tested the
capacity of various CLASP mutants (Figures 3 and S4) to rescue
EB localization. CLASPs have three main protein-interacting re-
gions: The TOG/TOG-like domains confer MT binding (Al-Bas-
sam et al., 2007; Patel et al., 2012), whereas the basic/SxIP re-
gion dictates EB binding (Mimori-Kiyosue et al., 2005; Patel
et al., 2012), and the C terminus mediates CLASP dimerization
and interactions with protein partners (Akhmanova et al., 2001;
Efimov et al., 2007; Lansbergen et al., 2006). For this study, the
TOG-like domains of CLASP2 will be referred to as TOG2 and
TOG3, as in (Leano et al., 2013). As expected, re-expression of
CLASP2 in CLASP-depleted cells rescued EB3 plus-end locali-
zation (Figures 3D and 3O).
Intriguingly, a CLASP construct with mutated EB-binding mo-
tifs readily rescued EB plus-end localization (Figures 3E and 3O),
indicating that CLASP-EB interactions are not involved in the
observed phenomenon. To confirm this conclusion, we utilized
an artificial dimer of the EB3 MT binding domain, EB3-N-LZ-
GFP (Komarova et al., 2009), which lacks the CLASP-interactingK). Line scan and L:T ratio values are normalizedmean intensities ± SEM (n = 50,
d EB1/CLASP double depletion. Graph is normalized mean ± SEM in three
ent, and GFP-stathmin expression. Based on data similar to (A–D).
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Figure 2. CAP-Gly Proteins Follow EBs to the Microtubule Lattice in CLASP-Depleted Cells
(A and B) RPE cells stained for EB1 (green) and CLIP-170 (red). (A) EB1 and CLIP-170 localize to MT plus ends in NT control cells. (B) EB1 and CLIP-170 relocalize
to the lattice in CLASP-depleted cells. Boxed corners indicate zoom region. White box represents scale bar. Immunofluorescence. Values are normalized mean
intensities ± SEM (n = 50, two independent experiments).
(C–H) A7r5 cells expressing EB3 (green), and stained for CLIP-170 (red) and a-tubulin (blue, pseudocolored). (C) CLIP-170 localizes to MT plus ends in un-
transfected NT control cells, (D) CLIP-170 coats the lattice in CLASP-depleted cells. (E) In NT control cells expressing EB3-GFP, EB3-GFP localizes to MT plus
ends, while CLIP-170 localization to plus ends is reduced. (F) In CLASP-depleted cells expressing EB3-GFP, EB3-GFP relocalizes to the MT lattice, whereas
lattice-bound CLIP-170 is reduced. (G) In NT control cells expressing Emerald-EB3, Emerald-EB3 and CLIP-170 localize to plus ends. (H) In CLASP-depleted
cells expressing Emerald-EB3, Emerald-EB3 and CLIP-170 coat the lattice. Boxed corners indicate zoom region. White box represents scale bar. White arrows
represent EB/CLIP-170 characteristic localization, CLIP-170 displacement, or EB/CLIP-170 lattice relocalization, respectively. Immunofluorescence. Values are
normalized mean intensities ± SEM (n = 50, two independent experiments).
(I–L) Line scans showing distribution of CLIP-170 (gray) at MTs in cells expressing either EB3-GFP or Emerald-EB3 (black). Based on data similar to (E)–(H).
See also Figure S3.
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CLASP-depleted cells (Figure 3R), indicating that CLASPs influ-
ence EB localization without a contribution from: (1) CLASP-EB
interaction or (2) binding of other proteins to the EB tail domain,
such as another MAP that might recruit EB to the lattice when
CLASPs are not present. Together, these data support a model
in whichCLASPs alterMTs themselves to restrict EB-MT interac-
tions to MT tips.
Further rescue experiments with CLASPmutant constructs re-
vealed that the TOG2 domain, but not the TOG3 domain of
CLASP, was required for regulation of EB (Figures 3F–3H, 3O,
and 3P). Importantly, the TOG2 domain of CLASP has been re-
ported to mediate strong MT interactions (Patel et al., 2012).
Themonomeric TOG2 domain alone was not sufficient to restore
EB plus-end localization (Figures 3L and 3P); although, trun-
cated CLASP mutants containing TOG2 plus an additional MT-
interacting region (TOG3 or the Ensconsin MT-binding domain
[EMTB]) were sufficient for CLASP-dependent regulation of
EBs (Figures 3I, 3J, 3N, and 3O). In addition, TOG2 directly
linked to the C terminus of CLASP rescued EB localization (Fig-
ures 3M and 3O), possibly because the C-terminal domain
weakly interacts with MTs (Wittmann and Waterman-Storer,
2005) or promotes MT binding via dimerization (Al-Bassam
et al., 2010; Patel et al., 2012). Nevertheless, the C-terminal
domain of CLASP was not strictly required to rescue EB localiza-
tion (Figures 3I and 3O), which reveals that CLASP does not bind
its cellular partners for regulation of EB at MTs. Together, these
mutant studies demonstrate that the TOG2 domain of CLASP is
necessary to restore EB localization. Accordingly, we suggest
that CLASP influences the MT lattice itself to promote normal
EB plus-end distribution.
CLASP Modulates Microtubule Affinity and EB
Localization In Vitro
To address whether CLASPs independently regulate EB locali-
zation at MTs, we performed in vitro MT plus-end tracking as-
says. For these experiments, we analyzed the capacity for
CLASP2 to remove a minimal EB1 construct, EB1-N-LZ-GFP,
from the lattice. In the absence of CLASP, this minimal EB1
construct clearly decorated MT lattices in addition to its plus-
end recruitment (Figures 4A and 4B) with an L:T of 0.185 ±
0.001 (Figure 4D). Copolymerization with CLASP2 resulted in
significant reduction of lattice binding (Figures 4A and 4C) result-
ing in a ratio of 0.136 ± 0.001 (Figure 4D). Thus, CLASP indepen-
dently modulated EB1-N-LZ-GFP lattice localization in vitro.
Confirming our results in cells, these data indicate that the
observed effects are due to CLASP interactions with MTs, rather
than a CLASP-EB interaction, because the minimal EB1
construct lacks the CLASP-interacting region.
To quantitatively analyze the effect of CLASP on EB binding,
we determined EB affinity for MTs in vitro. GDP-MTs were poly-
merized from GTP-tubulin in the presence or absence of
CLASP2 then incubated with varying concentrations of EB3-
GFP prior to cosedimentation. Hyperbolic fit shows EB3-GFP
has lower affinity for GDP-MTs copolymerized with CLASP2
compared to GDP-MTs alone (Figures 4E and 4I). Consistent
with our data in cells, a CLASP2 mutant unable to bind to EBs
(IP12-DC) similarly reduced EB3-GFP affinity (Figures 4F, 4I,
and 4O).DevelopTo test whether CLASPs function during MT polymerization,
we examined EB3-GFP affinity for GDP-MTs that were first
assembled then incubated with CLASP2; importantly, EB3-
GFP affinity for these MTs did not significantly differ from GDP-
MTs alone (Figures 4G and 4I). This reveals that CLASPs must
be present during MT polymerization in order to regulate EB
affinity for MTs.
Interestingly, the use of GTPgS, a slowly hydrolyzable GTP
analog (experimental model for the natural GDP-Pi state EBs
recognize) eliminated the difference between MTs polymerized
with and without CLASP. As in previously published reports
(Maurer et al., 2011), EB3-GFP displayed higher affinity for
GTPgS-MTs than GDP-MTs (Figures 4H and 4I). Copolymeriza-
tion of GTPgS-MTs with CLASP2 did not significantly reduce
EB3-GFP affinity (Figures 4H and 4I). This result indicates that
CLASPs recognize or modify a particular tubulin and/or MT
conformation to regulate MT-affinity and localization of EBs,
possibly via altering the GTP-state.
GTP-Tubulin Content at the MT Lattice Is Increased in
CLASP-Depleted Cells
Because EBs have higher affinity for MTs formed from GTP-
tubulin analogs compared to GDP-tubulin (Maurer et al., 2011,
2012; Zanic et al., 2009), redistribution of EBs to the MT lattice
could be explained by a change in GTP-tubulin content after
CLASP-depletion. To explore this hypothesis, we took advan-
tage of the recently described hMB11 antibody, which is thought
to recognize GTP-tubulin in cells (Dimitrov et al., 2008).
Currently, it is not clear whether hMB11 recognizes GTP-tubulin
conformation (or GDP-Pi) or a more general GTP-tubulin-like
structural feature. In NT control cells, hMB11 highlights MT
tips and occasional lattice patches, known as GTP-tubulin rem-
nants (Figure 4J). In CLASP-depleted cells, GTP-tubulin content
was significantly increased: hMB11 lattice patches were more
abundant and extended along whole MTs in regions (Figures
4K and 4L).
Consistent with previous findings (Dimitrov et al., 2008), the
pattern of GTP-tubulin lattice remnants in CLASP-depleted
cells was nonhomogenous (Figure 4M); interestingly, it closely
resembled the speckle-like lattice distribution of EBs upon
CLASP-depletion (Figure 4N). Unfortunately, due to hMB11 anti-
body restrictions, we were unable to costain for EB and GTP-
tubulin at MTs; as an alternative, we used computational
modeling to determine whether EB1 lattice speckles and GTP-
tubulin remnants are similar in size and distribution along
MTs. Image processing was applied to compensate for differ-
ences in contrast between EB1 and GTP-tubulin (see Supple-
mental Experimental Procedures). EB1 and GTP-tubulin
speckles, although not identical, had similar distribution charac-
teristics (Figures S4N and S4O); thus, these patterns could, in
principle, indicate the same lattice regions. Therefore, we pro-
pose that EB lattice binding may be the result of increased
GTP-tubulin content along MTs in CLASP-depleted cells, and
that the speckle-like appearance of EB staining reflects uneven
distribution of GTP-tubulin remnants at the lattice. These exper-
iments reveal a possible mechanism for relocalization of EBs to
the MT lattice in CLASP-depleted cells, via recognition of
increased GTP-tubulin content, or another hMB11-recognized
lattice feature.mental Cell 30, 343–352, August 11, 2014 ª2014 Elsevier Inc. 347
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Our study has uncovered a regulatory mechanism for the local-
ization and MT affinity of EBs. Our data indicate that, when
CLASPs bind a MT, they influence the lattice itself to reduce
EB binding, thereby promoting EB plus-end distribution. This
regulation likely occurs during MT polymerization, setting up
the nucleotide state sensed by EB for tip localization (Maurer
et al., 2012; Zanic et al., 2009). Specifically, we show that
GTP-tubulin content is increased at the lattice of CLASP-
depleted cells and thus propose that high-affinity EB binding
sites within the lattice are likely GTP-tubulin remnants. Because
it is unclear what the hMB11 antibody recognizes, our findings in
CLASP-depleted cells may indicate that MT lattice structure is
altered to more closely resemble MT tips.
These findings add another level of complexity to existing
evidence on the regulation of EB interactions with MTs.
Whereas CLASPs clearly act as prominent regulators of EB
localization, EBs are still enriched at plus ends, in addition to
their lattice localization, in CLASP-depleted cells. In addition,
in vitro, EBs autonomously track MT plus ends and are not en-
riched at the lattice at physiological concentrations, despite
CLASPs not being present (Bieling et al., 2007). In our assays,
a higher concentration of EB, which binds the lattice, displayed
decreased lattice localization in the presence of CLASP lead-
ing to restricted EB binding to MT tips. It is likely that whereas
GTP hydrolysis does not strictly require CLASPs, this impor-
tant process is hindered in their absence both in cells and
in vitro.
There are unknown differences in the lattices of MTs polymer-
ized in cells and in vitro (McEwen and Edelstein, 1980; Wade and
Chre´tien, 1993). Indeed, a recent study demonstrates that MT
properties in vitro only resemble those in cells when additional
cellular proteins are present; Interestingly, they found that
another TOG-containing MAP, XMAP215, influences EB
behavior via an allosteric interaction though MTs (Zanic et al.,
2013). In our study, the effect of CLASP on EB localization is
TOG-domain dependent. Thus, we suggest a similar model in
which CLASP allosterically regulates EB localization: as an MT
polymerizes, CLASPs likely alter the MT lattice, behind the tip,
thus restricting high-affinity EB-binding sites to the plus end,Figure 3. TOG2 Domain of CLASP Is Necessary to Restore Normal EB
(A) Schematic representation of CLASP2 rescue constructs. Red represents RFP
EB-binding region (basic/SxIP), black represents C terminus, green represents
rescue EB localization is shown.
(B) EB3 localizes to MT tips in NT control cells. Immunofluorescence. Boxed cor
(C) EB3 extensively coats the lattice, in addition to plus-end localization, in CLAS
White box represents scale bar.
(D–N) A7r5 cells expressing various RFP-CLASP2 rescue constructs (pseudo-co
red). (D–F, I, J, M, N) CLASP-depleted cells expressing WT (D), IP12 (E), IP12-3e
structs all restore normal EB3 plus-end localization. (G, H, K, L) CLASP-depleted
rescue constructs were not sufficient to restore normal EB3 localization. EB3 bind
White box represents scale bar.
(O and P) Line scan analysis for constructs that rescue EB3 plus-end localization
intensities ±SEM (n = 50, two independent experiments).
(Q and R) A7r5 cells expressing minimal MT-binding region of EB3, EB3-N-LZ-GF
NT control cells (Q) and relocalizes to the lattice in CLASP-depleted cells (R). Imm
scale bar.
See also Figure S4.
Developfor example by promoting GTP-hydrolysis. Alternatively,
because CLASP binds tubulin dimers (Al-Bassam et al., 2010),
CLASPs may prime GTP-tubulin dimers for efficient hydrolysis
upon lattice incorporation. Either mechanism would lead to
increased GTP-tubulin content at MTs and enhanced EB lattice
binding if misregulated.
Another potential mechanism of CLASP-dependent regulation
of EB involves steric hindrance. In this scenario, under physio-
logical conditions, CLASPs would bind the lattice during MT
polymerization and remain associated with GTP-tubulin rem-
nants, thereby blocking potential EB recruitment to these sites
(and antibody recognition). In this model, CLASPs would bind
MTs in a way that prevents EB-lattice interactions. Moreover,
this type of MT association should be different from CLASP as-
sociation with already polymerized MTs observed under overex-
pression conditions, in which EB is artificially recruited to MTs
(Mimori-Kiyosue et al., 2005). The presence of mini bundles
along the MT lattice in CLASP-depleted cells could also explain
EB lattice localization; however,MT bundling in CLASP-depleted
cells was not detected (Figure S4P).
BecauseGTP-tubulin remnants are proposed to be sites ofMT
rescue, it is interesting that in CLASP-depleted cells MTs un-
dergo low rescue frequency. If our model of increased GTP-
tubulin content is correct, this may reflect that the absence of
a strong rescue factor like CLASP leads to inefficient rescues
even in the presence of multiple GTP-tubulin remnants. In the
steric hindrance model, the number of GTP-tubulin remnants
would not differ in CLASP-depleted cells, and low rescue activity
would be explained by the absence of CLASP at these sites.
However, existing evidence leans toward the model of allo-
steric EB regulation by CLASPs rather than the steric hindrance
model, because typically only low amounts of CLASPs are
observed at the MT lattice. Furthermore, a recent study on the
effects of g-tubulin depletion reported an increase in GTP-
tubulin remnants and a similar EB distribution at MT lattices
(Bouissou et al., 2014). Because g-tubulin is a major factor
defining consistency in MT structure, we hypothesize that the
lattice structure in g-tubulin depleted cells is changed, and as
a result, EB lattice affinity is altered. This finding supports the
idea that a structural change in MT lattices would result in EB
recruitment.Plus-End Localization
tag, gray represents MT-binding domains (TOG2 and TOG3), blue represents
MT-binding domain of Ensconsin (EMTB). Construct capacity to bind EB and
ners indicate zoom region. White box represents scale bar.
P-depleted cells. Immunofluorescence. Boxed corners indicate zoom region.
lored blue) stained for endogenous EB3 (green) and a-tubulin (pseudo-colored
eaa (F), WT-DC (I), IP12-DC (J), TOG2-C (M), or TOG2-EMTB (N) rescue con-
cells expressing 2ea-IP12 (G), 2ea-3eeaa (H), IP12-3eeaa-DC (K), or TOG2 (L)
s along the lattice. Immunofluorescence. Boxed corners indicate zoom region.
(O) or constructs unable to rescue (P). Line scan values are normalized mean
P (green), and stained for a-tubulin (red). EB3-N-LZ-GFP localizes to MT tips in
unofluorescence. Boxed corners indicate zoom region. White box represents
mental Cell 30, 343–352, August 11, 2014 ª2014 Elsevier Inc. 349
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Developmental Cell
CLASPs Promote Exclusive EB Plus-End LocalizationIn conclusion, our findings have revealed functions for
CLASPs, have uncovered an additional regulatory mechanism
for EB tip tracking, and have major implications for understand-
ing establishment of the +TIP network at MT plus ends.
EXPERIMENTAL PROCEDURES
Cells
A7r5 cells (ATCC) were maintained in low glucose (1 g/l) Dulbecco’s modified
Eagle’s medium (DMEM), without phenol red. hTert-RPE1 cells (Clontech)
were maintained in DMEM/F12, which was supplemented with 500 ug/ml
G418 for an mCherry-tubulin RPE stable line (R. Ohi, Vanderbilt University,
TN). HeLa (R. Ohi, Vanderbilt University, TN), MEF (A. Kenworthy, Vanderbilt
University, TN), COS-7 (A. Kenworthy), and B16-F1 cells (M. Tyska, Vanderbilt
University, TN) were maintained in DMEM. Caco-2 cells (M. Tyska) were main-
tained in DMEM supplemented with 20% fetal bovine serum (FBS). All cells
were grown with 10% FBS (unless indicated) and in 5%CO2 at 37
C. Cells
were plated on fibronectin-coated glass coverslips 72 hr prior to experiments.
Antibodies
Mouse monoclonal primary antibodies: anti-a-tubulin (DM1A, Sigma); anti-
EB1 (BD Transduction), anti-p150Glued (BD Transduction). Rabbit polyclonal
primary antibodies: anti-a-tubulin (Abcam); anti-EB3 (A. Akhmanova); anti-
CLIP-170 (A. Akhmanova); anti-chTOG (L. Cassimeris); anti-APC (R. Coffey).
A recombinant human primary antibody, hMB11, against GTP-MTs (F. Perez)
was also used. Secondary antibodies: Alexa488, Alexa568, or Alexa647-con-
jugated highly cross-absorbed goat anti-mouse, anti-rabbit, or anti-human
(Invitrogen/Molecular Probes). For +TIPs/MT staining, cells were fixed inmeth-
anol (5 min, 20C). hMB11 staining was done according to Dimitrov et al.,
2008.
In Vitro MT-Affinity and MT Plus-End Tracking Assays
For in vitro MT-affinity assays, 20 uM tubulin was polymerized alone or with
150 nM CLASP2 or IP12DC in BRB80 buffer (80 mM K-Pipes [pH 6.8], 2 mM
MgCl2, 1 mMEGTA) supplemented with 1 mMGTP and 140mMKCl. Samples
were incubated at 37C for 30 min, and stabilized with taxol (30 uM). For
GTPgS-MTs, 1 mM GTPgS was used to polymerize MTs for 2 hr. After centri-
fugation at 35C for 20 min at 60,000 rpm, supernatant was removed and MT
pellets were incubated with EB3-GFP (0–1,000 nM) for 5 min at room temper-
ature (RT). For experiments where CLASP was added after polymerization,
150 nM CLASP2 was incubated with MT pellet for 5 min at RT prior to EB3-
GFP addition for another 5 min. MTs were pelleted again, then supernatants
and pellets were analyzed with Coomassie.
For in vitro MT plus-end tracking assays, preformed Hilyte647-labeled
GMPCPP-MT seeds were attached to PLL-PEG-50% biotin-passivated cov-Figure 4. CLASP Modulates Microtubule Affinity of EB and Promotes G
(A–C) in vitro MT plus-end tracking assays. (A) Localization of 600 nM EB1-N-LZ-
(shown in A). EB1-N-LZ-GFP alone (B) or in the presence of 30 nM CLASP2 (C). R
unlabeled. (B and C) White box represents scale bar.
(D) EB1-N-LZ-GFP L:T ratio based on kymographs similar to (B) and (C); n = 87 for
mean intensities ± SEM.
(E–H) EB3-GFP binding curves for MTs: GDP-MTs copolymerized with 150 nM CL
(F), GDP-MTswith 150 nMCLASP2 added after polymerization (G), or GTPgS-MT
a function of EB concentration with corresponding hyperbolic fit. (E–G) Intensities
each graph.
(I) Derived dissociation constants (Kd). Analysis performed over two independen
(J and K) RPE cells stained for GTP-tubulin (hMB11, gray/green) expressing mChe
tubulin remnants. (K) In CLASP-depleted cells, lattice decoration by hMB11 is inc
zoom region. White arrowheads represent MT tips, yellow arrowheads represen
(L) GTP-tubulin intensity in NT control and CLASP-depleted cells. Based on data
independent experiments).
(M and N) Zoomed images highlight speckled nature of GTP-tubulin (M) and EB1
(O) Coomasie showing CLASP (WTDC and IP12DC) pull-down by maltose-bindin
(P) Model for CLASP-dependent regulation of EB localization at MTs. EB nucleoti
CLASP, pink represents EB, dark blue represents GTP-tubulin, light blue represen
Developerslips via biotin-streptavidin linkers. Using TIRF, dynamic MTs and 600 nM
EB1-N-LZ-GFP were observed in the presence of 13 uM tubulin in assay
buffer: 50 mM KCl, 1 mM GTP, 0.6 mg/ml k-casein, 0.2% methyl cellulose,
4 mM dithiothreitol, 0.2 mg/ml catalase, 0.4 mg/ml glucose oxidase, and
50 mM glucose in MRB80 (80 mM PIPES [pH 6.8] with KOH, 1 mM EGTA,
4 mM MgCl2), with 30 nM CLASP2 or equal volume buffer control.
Statistics
All quantitative data were collected from experiments performed in at least
duplicate and are expressed as mean ± SEM generated in Excel. Student’s t
test (two-tailed, unpaired) was performed to determine statistical difference
between groups. A p value <0.05 was considered statistically significant.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be found with this article online at http://dx.doi.org/
10.1016/j.devcel.2014.06.026.
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